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The plant cell wall protects cellular components, controls sig-
naling networks, and supports differentiation and growth [1,2]. It
is composed of polysaccharides that can be grouped into celluloses,
hemicelluloses, and pectins. Cellulose forms a main structural ﬁber
composed of 10000 glucose monomer units. Hemicelluloses are
amorphous polysaccharides that include xyloglucans, glucomann-
ans, and xylans, while pectins are a group of polysaccharides rich
in galacturonic acid units [3,4]. These carbohydrates undergo func-
tional modiﬁcations, including acetylation, glycosylation, acyla-
tion, and cross-linking, which regulate their solubility and
strength. Speciﬁcally, acetylation can occur on the backbones or
branches of many cell wall polysaccharides in single or multiple
forms [5].
Interestingly, many plant-associated microorganisms have
developed carbohydrate acetylesterases to remove the acetyl
groups from plant carbohydrates [6]. Speciﬁcally, the genus
Rhizobia regulate symbiotic relationships with legume plants
through the actions of carbohydrate acetylesterases and glycoside
hydrolases [7–9]. The resulting deacetylated carbohydrates are
important signaling molecules for the initiation of nodule forma-tion on host legume roots and symbiotic ﬁxation of nitrogen by
Rhizobia species. To date, carbohydrate esterases have been classi-
ﬁed into 16 groups, and new families have recently been identiﬁed
and characterized based on sequence analysis [10,11]. These
carbohydrate esterases display great diversity and multiplicity in
catalytic properties, some of them are highly speciﬁc for deacetyla-
tion process [12–14].
Sinorhizobium meliloti 1021 is a Gram-negative soil bacterium
whose genome consists of three large replicons: a chromosome
and two megaplasmids. The complete sequence of a 3654135-bp
circular chromosome of S. meliloti 1021 were analyzed [15,16]. To
date, 40% of chromosomal genes are not functionally assigned
in spite of the fact that amino acid transport and sugar metabolism
seems to be major parts of the protein-coding ORFs. Furthermore,
despite their important roles in the efﬁcient symbiosis, little is
known about carbohydrate acetylesterases from most Rhizobia
species. In previous reports, a putative carbohydrate acetylesterase
(RefSeq: SMc01033, Sm23) from S. meliloti 1021 was identiﬁed,
characterized, and crystallized [17,18]. Here, we present the
three-dimensional structure of Sm23 at 1.75 Å resolution. To our
knowledge, this is the ﬁrst crystal structure analysis of a carbohy-
drate acetylesterase from the genus Rhizobium species. In addition,
biochemical characterization of Sm23 and S10A mutant using a
wide variety of acetylated substrates were done. Finally, immobi-
lized Sm23 with improved stability was prepared for biotechnolog-
ical applications.
118 K. Kim et al. / FEBS Letters 589 (2015) 117–1222. Materials and methods
2.1. Materials
Molecular biology reagents including restriction enzymes and
T4 DNA ligase were obtained from New England BioLabs (Ipswich,
MA, USA). Gel extraction and plasmid preparation kits were pur-
chased from Qiagen (Valencia, CA, USA). Oligonucleotide primers
were obtained from Bioneer (Daejeon, South Korea). PD-10 and
Ni-NTA columns were purchased from GE Healthcare Biosciences
(Philadelphia, PA, USA). Enzyme substrates including glucose ace-
tate and cellulose acetate were obtained from Sigma Aldrich Korea
(Seoul, South Korea), and all other chemicals were obtained from
other commercial sources as analytical grade.
2.2. Expression and puriﬁcation of Sm23
The Sm23 gene was ampliﬁed by PCR from chromosomal DNA of
S. meliloti 1021 (KCTC 2353, Korean Collection for Type Cultures
(WDCM 597), Seoul, Korea). The resulting PCR product was
inserted into the pQE30 vector, where a (His)6 tag was placed in-
frame at the N terminal region, and overexpressed in Escherichia
coli XL1-Blue as previously described [17,18]. Purities of Sm23
protein preparations were routinely conﬁrmed by SDS–PAGE and
protein concentration was determined using a Bio-Rad Protein
Dye Reagent Assay kit. The puriﬁed proteins were stored without
further modiﬁcations at 20 C.
2.3. Enzyme assays
For hydrolysis reactions of substrate speciﬁcity, naphthyl-group
derivatives of 1-naphthyl acetate (1-NA), 2-naphthyl acetate
(2-NA), 1-naphthyl butyrate (1-NB), and 1-naphthyl phosphate
(1-NP) were used as substrates. The standard assay solution con-
tained 0.9 ml of 0.3 mM substrate solution in 20 mM Tris–HCl
(pH 8.0), and 4.1 M protein (Sm23 or S10A). The reaction mixture
was incubated for 5 min and absorbance was determined at
310 nm [19]. Fluorescence due to hydrolysis of 4-methylumbellife-
ryl acetate or phosphate was detected in an ultraviolet-incubation
box [20]. The reaction mixture, which was incubated for 2 min at
room temperature, consisted of 0.5 ml of 50 mM sodium phos-
phate buffer (pH 7.0) containing 4-methylumbelliferyl acetate or
phosphate (25 lM) and 4.1 M protein (Sm23, S10A, or LI22). The
ﬂuorescence of 4-methylumbelliferone was measured with excita-
tion at 365 nm and emission at 460 nm using a Spectroﬂuorometer
FP-6200 (JASCO, Japan). One unit was deﬁned as the amount of
enzyme required to release 1 mol of acetic acid per minute.
For pH indicator-based colorimetric assays, 4.1 M protein
(Sm23 or S10A) was added to substrate solutions containing phe-
nol red (2 mg/ml) [21]. The substrates containing acetate groups
were 1-naphthyl acetate, 2-naphthyl acetate, tertiary butyl acetate,
linalyl acetate, and -terpinyl acetate. In addition, glucose pentaace-
tate (25 lM), cellulose acetate (1% (w/v)), or O-acetylalginate (0.1%
(w/v)) was also used as the substrate. O-acetylalginate was
obtained from mucoid Pseudomonas aeruginosa ATCC 39324 [22].
2.4. X-ray data collection and structure determination
X-ray diffraction data were collected at a wavelength of 1.000 Å
with an ADSC Quantum 315 CCD detector on beamline PAL 4A at
the Pohang Accelerator Laboratory (PAL) in Korea. The data were
indexed, scaled, and processed using the HKL-3000 software pack-
age [23]. The crystal structure of Sm23 was determined by molec-
ular replacement using MOLREP in the CCP4 software package [24]
using an arylesterase chain A from Mycobacterium smegmatis(MsAcT, PDB ID: 2Q0Q, 40% sequence identity) as an initial model.
Model building was performed using the COOT program [25] and
structural reﬁnement was performed with REFMAC in the CCP4
package [26]. The ﬁnal structure was visualized using PyMOL for
graphical presentation (PyMOL Molecular Graphics System; Schrö-
dinger, LLC). The coordinates and structural factors of Sm23 were
deposited in the Protein Data Bank with the accession code 4TX1.
2.5. Characterization of cross-linked enzyme aggregates of Sm23
To prepare the cross-linked enzyme aggregates (CLEAs) of
Sm23, puriﬁed Sm23 (0.1 mg) was precipitated with 70% ammo-
nium sulfate in 50 mM sodium phosphate buffer (pH 7.0). Glutar-
aldehyde (ﬁnal concentration, 0.1 mM) was then added to
prepare insoluble aggregates, followed by incubation for 12 h with
gentle agitation [20,21]. The suspension was centrifuged at
15000g at 277 K for 10 min, and the pellet was washed until no
signiﬁcant enzyme activity was detected in the washing solution.
The thermal stabilities of soluble Sm23 and CLEA-Sm23 were
determined by monitoring the hydrolysis of p-nitrophenyl acetate
(C2) at 80 C. The residual activity was measured by periodic sam-
pling every 15 min during the activity assay in an aqueous solu-
tion. The enzymatic activity in the buffer-only condition was
deﬁned as 100%.
3. Results and discussion
3.1. Overall structure of Sm23
Here, we report the crystal structure of Sm23, a putative carbo-
hydrate acetylesterase from S. meliloti 1021 at 1.75 Å resolution.
The ﬁnal structure of Sm23 was reﬁned to a crystallographic R-fac-
tor of 15.4% (Rfree = 18.8%). The X-ray diffraction data and structure
reﬁnement statistics are shown in Table 1. All residues lay in the
allowed regions of the Ramachandran plot (Fig. S1). As shown in
Fig. 1A, Sm23 displayed an SGNH hydrolase fold, which consisted
of a curved central ﬁve-stranded parallel -sheet in the strand order
of b2, b1, b3, b4, and b5 [27]. The -sheets of Sm23 were formed by
residues 2–8 (1), 41–47 (2), 82–86 (3), 128–133 (4), and 173–176
(5). The -helices surrounding the -sheets were formed by residues
10–13 (1), 29–37 (2), 66–77 (3), 100–116 (4), 143–149 (5), 152–
170 (6), and 193–211 (7). The central -sheets were packed against
three -helices (1, 2, and 7) on the concave side and four -helices (3,
4, 5, and 6) on the convex side (Fig. 1B).
The active site of Sm23 was formed by the residues Ser10,
Asp187, and His190, which were lined up along a cleft situated on
the N-terminal end of the central b-sheet (Fig. 1C). All residues of
the catalytic triad faced the solvent, with accessible surface areas
of 11.2, 6.4 and 14.3 Å2 for Ser10, Asp187, and His190, respectively.
Ser10 was situated on 1, while Asp187 and His190 were located on
a loop between 5 and 7. In addition, the loop between 5 and 7 coor-
dinated His190 and Asp187 toward Ser10 to shape the active site with
the formation of a catalytic triad. In catalytic triad, Oc of Ser10
formed a hydrogen bond with the Ne2 of His190, while the Od2 of
Asp187 was within hydrogen-bonding distance (2.6 Å) of the
His190 Nd1. Furthermore, the backbone amides of Ser10 and Gly50
and the Od1 of Asn90 formed hydrogen bonds to stabilize the tetra-
hedral intermediate as an oxyanion hole. These interactions also
rigidiﬁed the active site geometry by bringing the loop carrying
Asp187 and His190 into the proper orientation with respect to Ser10.
3.2. Structural comparison with other enzymes
A search for related structures using DALI yielded several hits
with signiﬁcant structural similarities to Sm23 [28]. The ﬁrst two
Table 1
Statistics of data collection and processing methods.
Sm23
Space group I4122
Unit cell (Å) a = b = 126.238, c = 191.101
Wavelength (Å) 1.0000
Resolution ring (Å) 50.00–1.75 (1.78–1.75)a
Redundancy 13.9 (9.4)a
Rmerge (%)b 5.9 (46.8)a
<I/r(I)> 59.5 (5.8)a
Completeness (%) 99.8 (98.5)a
No of total reﬂections 1076704
No of unique reﬂections 77446
Reﬁnement
Resolution (Å) 32.61–1.75 (1.813–1.75)
Unique reﬂections 77264 (7614)a
Completeness (%) 99.70 (99.44)a
Wilson B-factor 19.58
Rwork
c 0.1546 (0.1945)a
Rfree
d 0.1884 (0.2448)a
Number of atoms 5522
Macromolecules 4821
Water 701
Protein residues 639
Average B-factor 22.20
Macromolecules 20.70
Solvent 32.60
a Values in parentheses refer to the highest resolution shell.
b Rmerg = RhRi I(hi)  < I(h)>|/RhRi I(hi), where I(hi) is the single intensity of
reﬂection h as determined by the ith measurement and <I(h)> is the mean intensity
of reﬂections h.
c Rwork (%) =R|FoFc|/R|Fo|, where, Fo is the observed structure factor amplitude,
and Fc is the structure factor calculated from the model.
d Rfree (%) is calculated in the same manner as Rwork using 5% of all reﬂections
excluded from reﬁnement stages using high resolution data.
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respectively, were products of structural genomics studies, which
have been annotated as putative arylesterases. These two enzymesFig. 1. Overall structural organization of Sm23. (A) Ribbon diagram of Sm23. Secondary s
and-stick models) are shown. (B) Topology diagram of Sm23. Secondary structures with c
bonding network of Sm23 around the active site is shown. The hydrogen bonding dista
Asp187-Od2.show 51% and 41% sequence identity with Sm23, respectively. The
third hit found by the DALI search was an acetylxylan esterase
(CtCes3, PDB ID: 2VPT, Z score: 19.0) from Clostridium
thermocellum. CtCes3, a catalytic module of carbohydrate esterase
family III (CE3), is present in the plant cell wall-degrading cellulo-
some complex [29]. Sm23 and CtCes3 contain a similar number of
amino acids per monomer (213 and 215 amino acids, respectively),
and an overlap between the two structures showed a root mean
square deviation (RMSD) value of 1.62 Å for 160 C atoms
(Fig. 2A). Furthermore, rhamnogalacturonan acetylesterase (RGAE)
from Aspergillus aculeatus (AaRGAE, PDB ID: 1DEO, Z score: 19.0)
was also observed to be a close match to Sm23 [30]. Superposition
of Sm23 with AaRGAE gave an RMSD of 2.5 Å over 147 Ca atoms
(Fig. 2B). These two enzymes (CtCes3 and AaRGAE) show 16.6%
and 17.0% sequence identity with Sm23, respectively, and only
14 residues are completely conserved among all three enzymes.
Although there are notable differences in the size and shape of sec-
ondary structures encircling the active sites of Sm23, CtCes3, and
AaRGAE, catalytic residues of three carbohydrate acetylesterases
are structurally superimposed (Fig 2C).
As shown in Fig. S2, comparison of Sm23 with CtCes3 and AaR-
GAE revealed that Sm23 contains only ﬁve parallel b-strands,
whereas CtCes3 and AaRGAE contain two additional antiparallel
b-strands (b3-b4 for CtCes3 and b4-b5 for AaRGAE). Furthermore,
a large loop (D176 to A193) connecting 5 and 7 was observed in
Sm23, although short turns between 7 and 8were present in CtCes3
and AaRGAE. In a previous report, Sm23was shown to be a trimer in
solution based on size-exclusion chromatography, dynamic light
scattering, and chemical crosslinking [18]. Here, three molecules
of Sm23 were in the crystal asymmetric unit and each monomer
shares an equivalent interaction surface (Fig. S3A). Interestingly,
molecular assembly of Sm23 is highly similar to that of a putative
arylesterase (PDB ID: 3DCI) from Agrobacterium tumefaciens
(Fig. S3B). In this orientation, the entrance of their active sites
seems to be partly protected from non-speciﬁc hydrolysis.tructures of -helix (light red) and strands (yellow) with catalytic triad residues (ball-
atalytic triad residues (green circles) are shown. (C) Active site of Sm23. A hydrogen-
nces are 2.9 Å between Ser10-O and His190-Ne2, and 2.6 Å between His190-Nd1 and
Fig. 2. Structural comparisons of Sm23, CtCes3 (PDB ID: 2VPT), and AaRGAE (PDB ID: 1DEO). (A) Superposition of Sm23 (green) into CtCes3 (blue). Active site residues of
Sm23 (yellow) and CtCes3 (cyan) are also shown. (B) Superposition of Sm23 (green) into AaRGAE (red). Active site residues of Sm23 (yellow) and AaRGAE (pink) are also
shown. (C) Active site residues of Sm23 (green), CtCes3 (blue), and AaRGAE (red) are shown.
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The substrate binding region of Sm23 is composed of 1 helix
(residues 10–13), 1–2 loop, 2–3 loop, 3–4 loop, and 5 helix (resi-
dues 143–149). Two long-extended loops (2–3 loop and 3–4 loop)
in the upper side as well as 1–2 loop (residues 14–28) on the bot-
tom side are enclosing the active site to regulate the binding of
incoming substrates (Fig. 3). Several charged residues such as
Asp9, Asp57, Arg64, and Lys93 are involved in the hydrogen-bonding
networks of this region. For example, the Asp57 residue stabilized
the 2–3 loop with multiple hydrogen bonds to Leu59 and Arg64.
Furthermore, correct positioning of incoming substrates by three
hydrophobic residues (Phe145, Met148, and Phe149) in 5 helix,
together with a catalytic Ser10 in helix 1 on the opposite side,
seems to facilitate efﬁcient access of an acetyl group linked to cell
wall polysaccharides toward a catalytic triad [7,29]. Similar regula-
tions of substrate speciﬁcity were also observed in an acetyl ester-
ase from Thermotoga maritima [31] or AeCXE1 from Actinidia
eriantha [32].
3.4. Functional analysis of Sm23
The substrate speciﬁcity of Sm23 towards naphthyl derivatives
was analyzed in Tris–HCl buffer (20 mM, pH 8.0) at 293 K (Fig. 4A).
The highest activity of Sm23 was obtained with 1-naphthyl acetate
(1-NA), followed by 2-naphthyl acetate (2-NA), and 1-naphthyl
butyrate (1-NB). However, Sm23 could not effectively hydrolyzeFig. 3. Analysis of the substrate-binding region of Sm23. (A) Surface electrostatic poten
potential is represented in red. (B) Hydrophobicity of substrate binding region is re
Hydrophobicity was assigned according to Kyte and Doolittle’s hydrophobicity scale.1-naphthyl phosphate (1-NP). An inactive mutant (S10A) of Sm23
was analyzed under the same conditions and its activity for these
substrates was almost completely abolished. Sm23 could also
effectively hydrolyze 4-methylumbelliferyl acetate (4-MU acetate),
which was similar to an SGNH hydrolase (LI22) from Listeria
innocua [33]. However, they both displayed no signiﬁcant activity
against 4-methylumbelliferyl phosphate (Fig. 4B).
Interestingly, Sm23 also hydrolyzed tertiary butyl acetate and
linalyl acetate, as well as bulky substrate of -terpinyl acetate
(Fig. 4C). Considering the fact that tertiary alcohols are expensive
building blocks for pharmaceuticals, Sm23 seems to be a promising
biocatalyst due to its capacity to generate tertiary alcohols from
tertiary acetate esters [21,34]. Deacetylation of acetylated carbo-
hydrates by Sm23 was investigated using glucose pentaacetate,
cellulose acetate, and acetylalginate as substrates. Sm23 showed
signiﬁcant enzyme activity toward glucose pentaacetate, although
it exhibited very low levels of enzyme activities towards cellulose
acetate and acetylalginate (Fig. 4D).
3.5. Preparation of immobilized Sm23 with high thermal stability
Immobilized enzymes are highly efﬁcient industrial catalysts
for a wide variety of biotechnological applications [35,36]. Based
on the fact that Sm23 can hydrolyze a wide variety of acetate-con-
taining substrates, immobilized Sm23 was prepared and character-
ized. Immobilized Sm23 was prepared by using ammonium sulfate
and glutaraldehyde, which exhibited mainly large globulartial of Sm23. Positive surface potential is represented in blue and negative surface
presented by a color gradient from gray (hydrophilic) to green (hydrophobic).
Fig. 4. Biochemical characterization of Sm23. (A) Activities of Sm23 and S10A mutant were determined using naphthyl derivatives as substrates. (B) Speciﬁc activities of
Sm23, S10A, and LI22 were compared. Fluorescent substrates of 4-MU acetate and 4-MU phosphate acetate were used. (C) Hydrolysis of tertiary alcohol acetates were
investigated using pH-shift assay. Hydrolysis of buffer (1), -napthyl acetate (2), -napthyl acetate (3), tert-butyl acetate (4), linalyl acetate (5), and -terpinyl acetate (6) were
investigated after 30 min (upper) and 60 min (lower), respectively. (D) Hydrolysis of acetylated carbohydrates by Sm23 and S10A. Glucose pentaacetate, cellulose acetate, and
acetylalginate were used as substrates.
Fig. 5. Thermal stability of immobilized Sm23. (A) Field emission scanning electron microscopic (FE-SEM) image of Sm23. (B) Thermal stability of immobilized Sm23 and
soluble Sm23 was compared by measuring residual activity at 80 C for 1 h.
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estingly, at 80 C, soluble Sm23 almost completely lost its initial
activity within 10 min, while immobilized Sm23 retained 45%
of its initial activity during the same time frame (Fig. 5B). There-
fore, immobilized Sm23 has an industrial potential with high
thermal stability for biotechnological applications.
In conclusion, the crystal structure of Sm23, a putative carbohy-
drate acetylesterase, was determined at 1.75 Å resolution and its
functional properties were investigated. In addition, immobilized
Sm23 was shown to have high thermal stability, which could be
of great importance for biotechnological applications. Furtherinvestigations of Sm23 to delineate its function by site-directed
mutagenesis and to develop effective biocatalysts for biotransfor-
mation are now in progress.
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